Key words: phorbol ester/Balb/c 3T3 variants/m vitro cell transformation/membrane ruffling ABSTRACT. To investigate the responsiveness to phorbol ester-mediated malignant cell transformation of Balb/c 3T3 variant clones that were morphologically phorbol ester-sensitive and -resistant, we used an in vitro two-stage transformation assay in which cells were treated with 0.1 /*g/ml of MCAas an initiator and subsequently with 12-6Metradecanoylphorbol-13-acetate (TPA) as a promoter. The morphologically TPA-sensitive variant, TR5, and the parent cells showed a relatively low sensitivity to TPA-induced cell transformation, whereas the morphologically TPA-resistant variant, TR4 cells, exhibited 50-to 100-fold higher sensitivity to phorbol ester-induced cell transformation than the parent or the TR5cells. Weinvestigated the effects of TPAon protein kinase C activity, 80 kDa PKCsubstrate phosphorylation, the organization of actin stress fibers, DNAsynthesis, and anchorage-independent growth in the three cell clones. They showed similar responses to these biological and biochemical events, indicating that these PKC-mediated events may not be the causes of the differential responsiveness of the variant cells to TPA-inducedcell transformation.
The process of cancer induction, both in experimental animals and in humans, is complex; and that which leads ultimately to a malignant tumor is the result of interaction of target cells with both endogenous and exogenous factors (2, 6). Therefore, essentially, all cancers maybe multifactorial or multistage, or both, in causation (29) . The best defined multistage carcinogenesis model is "two-stage carcinogenesis" in mouse skin, in which at least two distinct phases, so-called initiation and promotion, can be clearly demonstrated (10). Each stage can be elicited by different types of compound; initiators (e.g., polycyclic hydrocarbons) and promoters (e.g., phorbol esters) and different mechanisms seem to be involved. Most of the initiating carcinogens have been shown to be mutagenic in bacterial and mammalian cell systems. On the other hand, the mechanism by which a tumor promoter transforms the initiated (presumably mutated), latent cells into a visible tumor is still not clearly understood. Phorbol ester tumor promoters, as represented by 12-O-tetradecanoylphorbol-13-acetate (TPA), have been widely used as model compoundsboth in vivo and in vitro to study the biological and biochemical mechanisms involved in tumor promotion. Manystudies have shownthat they exert a wide variety of biological and biochemical responses in target cells, and that their actions appear to be mediated, at least in part, by the direct activation of protein kinase C (PKC) (20) (21) (22) . How-ever, which of these phorbol ester-induced biological and biochemical events are directly involved in tumor promotion is not yet clear.
Trials to clarify the direct relationship between the biological actions and promoting activity of phorbol esters have been performed mainly in mouse skin (6). Although many interesting findings have been obtained from these in vivo experiments (14, 30) , there are certain limitations to studying the action of tumor promoters on mouseskin: it is a complextissue consisting of several different types of cells, so that it is difficult to distinguish these events responsible for tumor promotion from others. To overcome such limitations of an in vivo system, wehave employed an in vitro two-stage cell transformation assay system, using cultured Balb/c3T3 cell lines (7, 16) .
Certain morphological changes are observed in oncogenically transformed cells and cancer cells, suggesting that the biochemical events leading to these changes might be very important in the process of cell transformation (3, 33) . In Balb/c3T3 cells, active phorbol esters rapidly and reversibly induce drastic morphological changes, the so-called morphological rounding (8, 23, 35) . To examine the possible relationship between morphological responsiveness and sensitivity to phorbol ester-induced neoplastic cell transformation, we have previously isolated Balb/c3T3 A31-1-1 variant cells which show different responses to TPA-induced morphological changes (rounding) (8, 23) . In the present study, we examined the sensitivity of these variants to phorbol ester-induced cell transformation in an in vitro two-stage cell transformation assay system, and characterized their responsiveness to somephorbol ester-induced biological and biochemical events. We have found that the sensitivity of these cells to phorbol ester-induced cell transformation correlates with their responsiveness to growth factor-mediated and/or spontaneous induction of membrane ruffling.
¥#.r^r *å *: -. v^-;..à"/å ^v'^,/.:.v were inoculated in 24-well plates in 2 ml MEMsupplemented with 10%FCS, and were cultured for 14 days. Con fluent cells were incubated for 40 hrs with 3H-thymidine (1-5 /^Ci/ml) were washed three times with phosphate-buffered saline (PBS) and acidified with trichloroacetic acid (final concentration, 10%), and the amount of acid-precipitable radioactive material was determined by Millipore filtration (36). Assay ofPKC activity. PKCactivity was assayed as described previously (1 1, 23). After quiescent cells have been incubated for an appropriate period in the presence of TPA (100 ng/ml), the membrane and cytosolic fractions were prepared from TPA-treated cells, and used for the assay of membrane and cytosolic PKC,respectively. PKCactivity was assayed by measuring the incorporation of [j-32P] ATP (3,000 ci/ml, NEN) into histone type III-S, as described previously (23). PKCactivity was determined by subtracting the amount of 32P incorporated into histone in the absence of 200 /^g/ml of phosphatidylserine and 5 /^g/ml diolein from the amount of 32P incorporation into histone in the presence of the phospholipids.
Analysis ofproteinphosphorylation.
Con fluent and quiescent cells were incubated for 12 hr in phosphate-and serumfree MEMcontaining 32P-orthophosphate (200^ci/ml). Cells were treated for 15 min with 100ng/ml TPA or 0.1% of di- methyl sulfoxide (DMSO),and the cell layers were then quickly washed with cold PBS. The monolayers were solubilized at 4°C with 0.4 ml of50 mMHepes pH 7.4, containing 1.0% Triton X-100, 1% sodium dodecyl sulfate (SDS), 10 mMsodium pyrophosphate, 100mMsodium fluoride, 4mMEDTA, 2 mMsodium vanadate, 1 ng/ml aprotinin, and 2 mMphenylmethylsulfonyl fluoride. The lysates were boiled for 5 min with an equal volume of sample buffer (2% SDS, 10% glycerol, 5% 2-mercaptoethanol, 20 mMTris-HCl pH 6.8) and subjected to SDS-PAGE. Phosphorylated proteins were visualized by autoradiography. Anchorage-independent growth in agar. The detailed procedure for this assay has been described previously (18). Generally, a base layer of 0.5% agar (Difco Nobel Agar) containing 10% or 20% FCS and DMSOor TPAwas plated onto 60-mmPetri dishes. A suspension of 3,000 cells in 2.0ml of 0.3% agar, containing the appropriate treatment and FCS, was then poured onto the solidified base layer. Petri dishes were incubated at 37°C for 14 days in a humidified atmosphere of 5% CO2in air. Colonies more than 100 fim in diameter were scored as positive. Tumorigenicity assay in nude mice. The tumorigenicity assay was performed as described previously (8). Cells were trypsinized and resuspended in phosphate-buffered saline. Nude mice (Balb/c female nu/nu) were inoculated subcutaneously with 5 x 106 cells/mouse. Tumor sizes and animal weights were measuredweekly.
RES ULTS

When spreading
Balb/c 3T3 A31-1-1 cells were treated with TPA, morphological changes, rounding of the cell body and formation of long processes, were rapidly and reversibly induced ( Fig. 1 ). We had previously isolated two stable variant clones which exhibited different responses to such TPA-induced morphological change (rounding). One variant, TR4, was resistant to TPA-induced morphological rounding ( Fig. 1 ), while the other variant, TR5, had a relatively long process and was sensitive to the TPA-induced rounding, similar to the parent 1-1 cells (8). In addition, the recovery of TR5 cells from TPA-induced rounding was slower than that of 1-1 cells (Fig. 1 As shown in Figure 1 , and reported previously (23), TR4, TR5, and parent 1-1 cells had different sensitivity to the TPA-induced morphological changes. Therefore, we examinedthe effects of TPAon intracellular actin organization in these cells, since actin filaments have been reported to play an important in the maintenance of cell morphology, signal transduction, and malignant transformation (3, 24, 27, 32) . Figure 3A , B shows phalloidin staining of actin stress fibers in the three cell lines in the growing and con fluent phases, respectively. Stress and bunding actin fibers were commonlyobserved in all three clones in the untreated condition (Fig. 3A, B , 0 h). When the parent 1-1 cells were treated with TPA, the stress fibers almost completely disappeared within 30 min, being accompanied by morphological rounding (Fig. 3A , B, 0.5 h). Therafter, stress fibers reformed slowly with normal morphology being restored. A similar disappearance and restoration of actin fibers was observed in TPA-treated TR5 cells. WhenTR4 cells were treated with TPA, most of the actin stress fibers disappeared, similar to the case in TPA-treated 1-1 and TR5 cells, although TPA-induced morphological rounding
did not occur at all ( Fig. 1 and 3A, B) . These results indicate that TPAinduces the disappearance of actin fibers in each one of these three cell clones, although they
show different responses to TPA-induced morphological rounding. Figure 4 shows the effects of serum and TPA on DNA synthesis in the three cell clones. The extent of TPA-induced 3H-thymidine uptake in TR4 cells was approximately 1.5-fold higher than that in 1-1 and TR5 cells. In contrast, when the cells were stimulated with FCS, DNAsynthesis in TR4 cells was approximately 10% of that in 1-1 cells and was slightly lower than that in TR5 cells. On the other hand, simultaneous treatment with TPA and FCS induced a similar extent of DNAsynthesis in the three clones. Figure 5 shows the effects of TPA on PKCactivity in these cell clones. In untreated cells, the majority of PKCactivity was observed in the cytosolic fraction, and there was no major difference in the activity of the three clones. Following treatment with TPA, the activity of Confluent cells were cultured for 40 hrs with 3H-thymidine containing 100 ng/ml TPA, 10%FCSor both respectively, and amount of acidprecipitable radioactive material was then determined. Each treatment was done in triplicate.
the cytosolic fraction decreased rapidly in association with a marked activation of PKCin the mambrane fraction. No major differences amongthe three cell clones were observed in PKCactivity or in the translocation of PKCfrom the cytosolic to the membranefractions. Figure 6 shows the TPA-induced phosphorylation of the 80 kDa protein which has been shown to be a major substrate for PKC in Balb/c 3T3 A31-1-1 cells (5, 23). There were no major differences in the degree of phosphorylation of this protein among the three clones.
Another protein of 36 kDa was phosphorylated by TPA although to a much lesser extent than the 80 kDa protein. The three clones also showedno difference in the degree of phosphorylation of this protein (the arrow in Next, we investigated the responsiveness of these cells to growth factor-or spontaneous induction of membrane ruffling. Whenthe con fluent cells were treated with PDGF, membrane ruffling was rapidly induced in TR4 but not in TR4 and 1-1 cells (Fig. 7) . This TR4-specific membraneruffling was observed with other growth factors such as insulin, IGF-I and FGF but not EGF, IGF-II and TGF(data not shown). In order to investigate the responsiveness of the three cells to growth factor-induced membrane ruffling during whole period of cell transformation, the cells were cultured under similar conditions to those used for the cell transformation assay. After 1 x 104 cells/dish were seeded on Day 0, the three cells grew exponentially up to Day 5 on which most cells were in contact. The growth rate began to decrease slightly thereafter, but most cells could divide another one or 2 times, as shown in Fig. 8A . This slight cell growth continued up to Day 8; thereafter, the number of cells/dish began to decrease and reached a steady-state on Day 13 of culture, which was maintained up to the termination of culture (Fig. 8A ).
During the whole period of cultures, no or few membrane ruffles were observed without the stimulation by growth factors. As shown in Fig. 8B , more than 80% of 1-1, TR5 and TR4 cells responded to PDGF-induced membrane ruffling 3 and 5 days after culture, indicating that each one of the three cells has intrinsic capacity to form membraneruffles in response to growth factors in their growing phase. Thereafter, the percentage of ruffl ing cells in 1-1 and TR5 cells cultures started to decrease from Day 6, when the growth rate began to decrease and tight cell-cell contact began to be formed; the average percentage of ruffling cells in 1-1 and TR5 cells were 0.8 and 0.0% on Day 13, respectively. This inhibition of PDGF-induced membraneruffling was maintained up to termination of culture. On the other hand, more than 90% of TR4 cells actively responded to the PDGF-inducedruffling even in a con fluent, steady-state growth phase (Fig. 8B) , being apparently different from the responses of 1-1 and TR5 cells. In order to investigate the spontaneous induction of membraneruffling during promotion of cell transformation, cells were cultured in the presence of lOO ng/ml TPAthroughout the whole period of cell transformation ( Fig. 9 and 10 ). In cultures treated with 100 ng/ml TPA,the growth curve of the three cells was similar to that of the control cultures, but the final saturation density of cells/dish was about 1.4 fold higher than that of their control cultures (data not shown). with TPAbeyond confluence also more actively responded to PDGF-induced ruffling (Fig. lOh) , indicating that the responsiveness of TR4 cells to growth factor-induced membrane ruffling is not changed even after long-term exposure to TPA. Table II shows the effects of TPAon the anchorageindependent growth and tumorigenicity of the three cell clones in nude mice. All three clones showed very low colony efficiency in soft agar without TPA, indicating that their growth was anchorage-dependent. TPAslightly enhanced the colony efficiency of the three clones in soft agar. However,the extent of this enhancement was quite low in each in comparison with colony efficiency of transformed 1-1 and TR4 cells, indicating that TPA did not induce anchorage-independent growth in these cells. Also, none of the three clones formed tumors in nude mice.
DISCUSSION
Wehave reported here that Balb/c 3T3 variant cells, isolated from UV-irradiated parent Balb/c 3T3 A31-1-1 cells according to their morphological responsiveness to phorbol ester tumor promoters (8, 23), exhibited markedly different susceptibility to phorbol ester-induced malignant cell transformation.
Thus, morphologically TPA-sensitive TR5 and parent cells showed relatively low sensitivity to TPA-mediated morphological cell transformation, whereas the morphologically TPA-resistant variant TR4 cells were highly sensitive to TPAmediated cell transformation, suggesting that there is a close relationship between morphological responsiveness and transformation sensitivity.
The transformation-sensitive clone, TR4cells, were not themselves transformed, as evidenced by the following findings; 1)
TR4 cells exhibited contact-inhibited growth, 2) their ability to form colonies in soft agar with or without TPA was very low, being essentially similar to that of the parent 1-1 and TR5 cells, and 3) TR4 cells, similar to 1-1 and TR5 cells, did not form tumors when injected subcutaneously in nude mice. Interestingly, in TR4 cell cultures, TPA alone induced transformed foci to the same extent as did MCAplus TPA. This differed from the responses of morphologically sensitive TR5or 1-1 cells, in which the frequency of transformation induced by MCAplus TPAwas significantly higher than that induced by TPAalone. These results lead us to speculate that TR4cells mayrepresent a certain type of initiated cell which is itself non-tumorigenic, but which becomes transformed by repeated application of a tumor promoter; however, the mechanisms by which initiated cells are converted into transformed cells are unknown.The find- ing that a single application of TPA to TR4 cell cultures induced none or few transformed foci supports this idea.
As to the kind of biological and biochemical events induced by TPAare responsible for the different susceptibilities of the Balb/c 3T3 variant cells to TPA-induced cell transformation, in this study we investigated the effect of TPAon protein kinase C activity, 80 kDa PKC substrate phosphorylation, DNAsynthesis, and anchorage-independent growth in the three cell clones. They showed similar responses to these biological and biochemical events, indicating that these PKC-mediated events may not be the causes of the differential responsiveness of the variant cells to TPA-induced cell transformation.
Another cellular function that appears to play an important role in the process of malignant cell transformation is the alteration of cytoskeletal organization accompanied by increased cell movementsincluding membrane ruffling and locomotion (1, 3, 4), It is now well known that, during cell transformation, major alterations occur in the organization of the cytoskeleton and in the interaction between its various constituents (3, 24). The most prominent cytoskeletal change induced by TPAis the rapid dissociation of actin stress fibers, with the decreasing formation of cell-substratum or cell-cell contact sites (28, 31) . We found that TPA induced a rapid disappearance of actin stress fibers in TR4 cells, as well as in 1-1 and TR5 cells, suggesting that the biochemical pathways for TPA-mediated actin dissociation are maintained in these variants, and that TPA-induced disappearance of actin stress fibers is not always sufficient to produce TPA-mediated morphological rounding.
Actin filaments are also important components of the inner surface of the plasmamembrane, as well as of stress fibers (34) . This type of actin filament is thought to play an important role in the induction of membrane ruffling (19) in addition to the maintenance of membrane structure and morphology, signal transduction from external stimuli, and cell-cell and cell-substrate contact (31, 34) . Wefound a close relationship between transformation sensitivity of these cells and their responsiveness to growth factor-mediated or spontaneous induction of membraneruffling. Thus, the three cells responded to PDGF-induced membrane ruffling to similar extent in their growing phase, whereas the PDGFmediated membraneruffling was completely suppressed in 1-1 and TR5 but not TR4 cells in their con fluent, contact-inhibited (steady-state) growth phase. These findings suggest that transformation-sensitive TR4cells are deficient in cell-cell contact-mediated inhibition of membrane ruffling. In addition, we found that the long-term exposure to TPAbeyond confluence induced spontaneous membraneruffling in TR4but not in parent and TR5 cells. We have recently shown that a single and transient application of TPAto TR4cells does not induce membraneruffling, but rather completely inhibits growth factor-induced membrane ruffling (9). However, the TPA-mediated inhibition of membrane ruffl ing was no longer observed in PKC-down regulated TR4cells which were obtained by long-term exposure to TPA (9). Thus, repeated (long-term) exposure of TR4 cells to TPAis requisite for spontaneous induction of membrane ruffling, being consistent with the fact that the production by tumor promoters of tumor in vivo or of transformed foci in vitro requires long-term and frequent application.
The induction of membrane ruffling by growth factors and protooncogenes is transient, whereas activated oncogene such as mutated ras constitutively induce membrane ruffling (1). Wealso found that long-term exposure to TPA constitutively induces membrane ruffl ing in TR4 but not in 1-1 and TR5 cells. Taken together, it is plausible that the mechanism by which membrane ruffling is induced constitutively and spontaneously It is knownthat various growth factors induce membrane ruffling in various types of cells (12, 15, 19) . The molecular events responsible for the ruffling formation are not known although it has been suggested to be caused by a polymerization of actin at the inner surface of the plasma membrane (13, 19) . Ridle et al. have shown that the rac-1, a small GTP-binding protein, is an essential componentof the signal transduction pathways that link growth factors to the induction of membrane ruffling (25). Another small GTP-binding protein, rho, is also reported as regulatory component for the organizatioon of actin stress fibers (26) . It has, however, been shown that the mechanism by which membrane ruffling is induced by extracellular stimuli is different from that of the induction of actin stress fibers (25, 26) . Thus, it is likely that a factor regulating the organization of actin network on the inner membranesurface, rather than stress fibers, is altered in the variant TR4 cells.
In growing phase, 1-1 and TR5 cells could respond to growth factor-induced membraneruffling to similar extent to TR4 cells, indicating that the the two transformation-resistant cells retain the intrinsic capacity to form membraneruffling in response to growth factors. Once both 1-1 and TR5 cells were beyond confluence, they no longer responded to growth factor-induced membrane ruffling, suggesting that the mechanism by which ruffl ing formation is inhibited is generated through the formation of stable and tight cell-cell adhesions. This cellcell contact-mediated inhibition system of membrane ruffling may be deficient in TR4 cells. We previously isolated several fusion cell clones between TR4 and 1-1 cells and found that they exhibited parent 1-1 type of responses in respect to TPA-induced rounding and growth factor-mediated ruffling (9). Moreover, we observed in preliminary experiments that these fusion cells exhibit parent 1-1 type of response in respect to TPAinduced cell transformation (unpublished data). These suggest that each of the TR4phenotypes is commonly recessive. It seems likely that a genetic and recessive 1-1 TR4 TR5
* -å ^. å " '***,^#w;..-V'V -, *" -iå change of one cellular factor is responsible for the determination of these TR4 phenotypes. To elucidate the precise role of cell movementsincluding membraneruffling in the process of cell transformation, this recessively altered factor should be isolated and identified.
